ABSTRACT Intramuscular fat (IMF) content contributes to meat flavor and improves meat quality. Excessive abdominal fat, however, leads to a waste of feed resources. Here, an independent up-selection for IMF was used as a control (Line C), and a balanced selection program, with up-selection for IMF and down-selection AFP (Line B), was studied in JingXing yellow chickens. The mean of IMF and AFP within a family was the phenotypic value upon which selection was based. The selective pressures of IMF in line B and line C were the same in each generation. At G5, the IMF was significantly higher (P < 0.05) than that at G0 in both lines. For AFP, Line C was significantly higher at G5 (P < 0.05) than at G0, but the difference in Line B was not significant (P > 0.05). IMF increased by 11.4% and AFP decreased by 1.5% in Line B compared with the G0 generation. In contrast, the IMF increased by 17.6%, but was accompanied by an 18.7% increase in AFP, in control Line C. Of 10 other traits measured, body weight at 56 d age (BW56) and the percentages of eviscerated weight (EWP) showed a significant difference between the 2 lines (P < 0.05). The heritabilities for IMF and AFP, estimated by the DMU package, were 0.16 and 0.32, respectively. A moderate positive correlation existed between IMF and AFP (0.35). A balanced selection program for increasing IMF while controlling AFP (Line B) is shown here to be effective in practical chicken breeding.
INTRODUCTION
In recent decades, meat-type chicken breeding has emphasized selecting for growth rate, feed conversion efficiency, and body conformation; improvement of these traits by breeders, nutritionists, and farmers is aimed at developing strategies to maximize efficiency of broiler production. With the improvement of living conditions and rapid economic growth, customers increasingly demand higher quality chickens. Intramuscular fat (IMF) content is an important trait that is related to meat quality and texture (Sarsenbek et al., 2013; Yang et al., 2015) , so the amount of IMF is an important factor affecting consumer acceptability (Cilla et al., 2006) . Selection for increased IMF results in lower shear force, which measures the textural integrity of cooked products and improves tenderness in chickens (Lonergan et al., 2003) . In contrast, excessive abdominal fat is largely discarded and so is considered to be a byproduct; it both causes difficulty in meat processing and compromises consumer acceptance (Zhang et al., 2012) . Excessive fat accumulated in the abdomen negatively affects the reproductive performance of laying hens (Xing et al., 2009) . Most importantly, the deposition of abdominal fat is energetically expensive and hence detracts from energy efficiency in the rearing of market chickens.
The possibility of improving meat quality by selection depends on the heritabilities and genetic correlations of IMF content and abdominal fat, along with genetic variation in the population. The abdominal fat content is a highly heritable trait, with heritability ranging from 0.6 to 0.8 (Le Leclercq et al., 1980; Le Bihan-Duval et al., 1999; Zerehdaran et al., 2004; Chen et al., 2008) , while the heritability of IMF is low to moderate (0.12) in Chinese native chickens (Chen et al., 2008; Hernández-Sánchez et al., 2013) . In a previous study from this laboratory, Zhao et al. (2007) carried out an experiment to demonstrate the correlated responses to the selection for increased IMF; IMF was increased by 11.8% after 5 generations of selection. Guo et al. (2011) also showed 1 that the abdominal fat content in the fat line was 3.8 times than that in the thin line after 13 generations of divergent selection for fatness in chickens. The results above showed that both IMF and abdominal fat could be changed by selection. The genetic correlation between IMF and abdominal fat is controversial, however, as some studies found it is close to none (Zerehdaran et al., 2004; Akbarnejad et al., 2015) , and others showed that it is high (Leclercq et al., 1980; Le Bihan-Duval et al., 1999; Chen et al., 2008) . The previous study from this laboratory showed that independent selection for increased IMF was accompanied by an undesirable increase in abdominal fat. The present work describes a balanced selection program for increased IMF while controlling abdominal fat percentage (AFP) (Line B) in JingXing yellow chickens. The objective was to 1) investigate the responses of such a balanced selection, and 2) estimate heritabilities of and genetic correlations between IMF and AFP and other associated traits.
MATERIALS AND METHODS

Ethics Statement
This study was conducted in accordance with the Guidelines for Experimental Animals established by the Ministry of Science and Technology (Beijing, China). All experimental protocols were approved by the Science Research Department (in charge of animal welfare issues) of the Institute of Animal Sciences, Chinese Academy of Agricultural Sciences (Beijing, China).
Animals and Diets
The selection began in 2008 with a base population of Line F, which had been selected for increased IMF for 5 generations, as described in Zhao et al. (2007) . From this base population, 60 sires and 580 dams were randomly chosen. The IMF and AFP were measured on their offspring (G0). Based on the average values of IMF or AFP for each full-sib family within G0, 30 males and 140 females were chosen as the founder animals of Line C (control), and 25 males and 120 females were chosen as the founder animals of Line B (balanced selection). The selected hens were artificially inseminated twice weekly, and the eggs were collected from d 3 to d 15 after insemination (for one hatch). The chickens were bred for 2 hatches in each generation; batch one was slaughtered, batch 2 was kept for breeding the next generation with full-sib families being used to derive the mean family value of IMF and AFP. A 1:3 to 1:5 ratio of males to females was used in each sire family. In each family at 90 d of age, at least 3 males with BW close to mean (in G3, one male and one female) were slaughtered under industrial conditions after fasting overnight (the numbers for each line are in Table 2 ) to determine IMF and AFP (described below). For Line C, the selected cocks for breeding the next generation must have had mean family values of IMF exceeding the average value of Line C. Cocks for the next generation of Line B had mean family values of IMF above the mean for Line B, and mean family values for AFP below the average value of the line. The selective pressure for IMF (0.49 to 0.54) in lines was the same in each generation.
All birds were wing-banded after hatching and reared under the same conditions in stair-step caging at the experiment station of the Institute of Animal Sciences, Chinese Academy of Agricultural Sciences. Each generation was fed ad libitum with the same commercial corn-soybean diets. The diets contained 12.12 MJ/kg and 20% CP from zero to 8 wk, then 11.7 MJ/ kg and 17% CP after 9 wk; water was provided ad libitum throughout.
Trait Measurement and Sample Collection
Body weights were measured for each bird at 56 d and 90 d of age (BW56 and BW90, respectively). At d 90, the sampled birds were fasted for 12 h, then slaughtered by stunning and exsanguination. After slaughter, the traits including the weights of abdominal fat (including leaf fat surrounding the cloaca and abdominal fat surrounding the gizzard) (AFW), breast muscle (BMW), carcass (CW), comb (COW), testicle (TW), eviscerated (EW), and the leg meat yield (LMY) were measured. The data of these traits are presented as the percentages of BW90 (COP, TWP, and EWP), or as percentages of the eviscerated weight (AFP, BMP, and LMP). The remainder of each sampled tissue was then stored at −20
• C for further analysis. Intramuscular fat content of powdered, lyophilized right breast muscle, trimmed of visible fat surrounding and lying around muscles, was measured by Soxhlet extraction (Zerehdaran et al., 2004; Cui et al., 2012) and is presented as the weight percentage of dry muscle tissue.
Statistical Analysis and Models
Each trait was tested for normality. Data for LMP, AFP, and BMP were normalized by arcsine transformation. Descriptive statistical analysis was performed using SAS 9.2 (SAS Institute Inc., Cary, NC).
The DMU package (Madsen and Jensen 2007 ) was used to estimate the genetic parameters, and the following linear model was used for the analysis of the data:
where y ijkl is the phenotypic value of a trait, μ is the population mean, g i is the fixed effect of generations, s j is the fixed effect of sex, a k is the random additive genetic effect, Var (a) = Aσ intial values for multi-trait analysis to facilitate convergence of multi-trait analysis.
Heritability (h 2 ) and genetic correlations (r a ) were calculated based on the following equations: 
RESULTS
Genetic Parameters
Phenotypic correlations, genetic correlations and heritabilities of all traits are shown in Table 1 . The heritabilities of IMF, AFP, and AFW were 0.16, 0.32, and 0.45, respectively (Table 1) . For other traits, the estimated heritabilities of BW90, BW56, carcass weight, BMW, COW, COP, and TW were higher, ranging from 0.46 to 0.70 (Table 1) . The COW had the highest heritability of all the traits. The estimated heritabilities for EW, LMY, and TWP were moderate, ranging from 0.32 to 0.39; the heritabilities for EWP, BWP, and LMP were low, ranging from 0.03 to 0.13; and EWP had the lowest heritability.
In this study, the IMF and AFP showed low phenotypic correlations with other carcass traits, but moderate phenotypic correlations existed (Table 1) 
Effects of Selection on IMF and AFP
The IMF and AFP data for G0 to G5 in the 2 lines are summarized in Table 2 . With successive generations, a similar progressive increase occurred in IMF and AFP in Line C. In Line B, however, IMF increased while AFP declined slightly. After selection of Line B for 5 generations (in G5), the IMF was significantly higher (P < 0.05) than that at G0 in both lines. Line C had significantly higher (P < 0.05) AFP at G5 than at G0, but the difference in Line B was not significant (P > 0.05). In Line B, IMF at G5 increased by 11.4% and AFP decreased by 1.5%, relative to G0. In contrast, in the control Line C, IMF had risen by 17.6%, but was accompanied by an 18.7% increase in AFP.
Effect of Selection on Carcass Traits
Differences in other carcass traits, mean values, and the respective phenotypic variations after 5 generations of selection between the 2 lines (B and C) are presented in Table 3 . Out of 10 traits measured, BW56, EWP, COP, and COW showed significant differences between the 2 lines (P < 0.05). Above all, AFW in Line B was significantly lower than that in Line C. Note: Line C = selection for increasing intramuscular fat content; Line B = selection for increasing intramuscular fat and controlling abdominal fat; IMF% = the percentages of intramuscular fat on the weight of dry muscle tissue; AFP = abdominal fat percentage; n = slaughtered number birds for Line C and Line B in each generation; The differences between G5 and G0 were analyzed, * P < 0.05; NS, non-significant. 3.53 ± 0.15 3.08 ± 0.14 * COP, % 0.26 ± 0.01 0.23 ± 0.01 * * P < 0.05; NS, non significant. Note: BW90 = body weight at 90 d; EW = eviscerated weight; BMW = breast muscle weight; BW56 = body weight at 56 days; LMY = leg muscle yield; AFW = abdominal fat; EWP = eviscerated weight percentage; LMP = leg muscle percentage; BMP = breast muscle percentage; CW = carcass weight; COW = comb weight; COP = comb weight percentage.
DISCUSSION
Heritability Estimation
In the current experiment, the estimated heritability of IMF was 0.16, close to that estimated in BeijingYou (another Chinese native breed) and broiler chickens (Zerehdaran et al., 2004; Chen et al., 2008) . The changes achieved over just 5 generations show that the family selection program, as used here, can be used for selective breeding for IMF. The results here also showed that the contents of IMF were increased to 3.45%, rising about 17.6% relative to G0 after 5 generations of selection in Line C. This was consistent with the study of Suzuki et al. (2005) , who selected pigs for IMF and attained 4.93% after 7 generations, a 26% increase compared with G1. In the present study, heritability estimates for AFP and AFW were 0.32 and 0.45, respectively, while Zerehdaran et al. (2004) estimated the heritability of AFW to be 0.71, and N'dri et al. (2006) showed the heritability of AFW was 0.66. The lower estimates obtained here were similar to that (0.50) determined by Le Bihan-Duval et al. (1998) and the heritability of AFP here was consistent with estimates from Chabault et al. (2012) .
Relationship between IMF and Abdominal Fat
In the current study, the genetic correlation between AFW and IMF was high (0.61), and by G5, the AFW in Line C was significantly higher than that in Line B. This differed from the results of Zerehdaran et al. (2004) who had found the genetic correlation between IMF and AFW to be low (0.02). The present finding supports Zhao et al. (2007) , who found significantly higher AFW from selecting for increased IMF than that resulting from random selection. Chen et al. (2008) also found that selection for IMF caused a correlated increase in AFW in Beijing-You chickens. The genetic correlation between IMF and AFP was somewhat lower, but still moderate (0.35). The IMF response in Line B was slightly less than that in Line C and, in part, may reflect a correlated response to the changes in AFP; as noted, in Line C AFP increased from selecting for IMF. Lotfi et al. (2011) stated that decreases in abdominal and subcutaneous fats, however, do not change intramuscular fat. The rearing and growing periods are when IMF typically accumulates, with a slowing of further fat accretion in muscle during the finishing period (Chen et al., 2005) , while abdominal and subcutaneous fat are deposited throughout (Hrdinka et al., 1996) . The reasons for these disparate results might be due to the different breeds used, where the pattern of deposition of AFW or AFP could well be different between "fatty" Chinese native breeds and conventional broilers that have experienced intensive selection for growth performance. Abdominal or subcutaneous fat is considered to be a by-product because the bulk of it is discarded and it impacts the feed efficiency and profitability to farms; thus, in past decades, considerable effort has focused on the regulation of abdominal and subcutaneous fats. Swennen et al. (2007) recorded that divergent selection for residual feed intake (RFI) in chickens had enormous effects on the AFW, and the difference between low and high RFI lines was significant (P < 0.05), consistent with studies in pigs (Faure et al., 2013) and cattle (Richardson and Herd, 2004) , where all showed the low RFI lines having less AFW and back fat thickness. There were, however, also drawbacks in which the low RFI resulted in high muscle glycogen stores and low IMF, suspected to harm meat quality (Faure et al., 2013; Nascimento et al., 2016) . Compared with selecting on RFI, the balanced selection program on IMF used here has the potential to control AFW to a finite level while increasing the IMF. It appears to be an effective way for breeding JingXing yellow chickens with more desirable characteristics.
Correlations between Conventional Carcass Traits and IMF or AFP
The BW56 of Line C was significantly greater than that of Line B, which is in agreement with the high positive genetic correlation (0.66) between BW56 and IMF and the moderate to high genetic correlations with AFP (0.32) and AFW (0.69). Chabault et al. (2012) estimated a moderate genetic correlation (ranging from 0.29 to 0.35) between BW at different ages and IMF, and the genetic correlation between AFP and BW was from 0.38 to 0.45. The relationship between IMF and BW was greater here, but the relationship between AFP and BW was similar. These results showed that BW was positively correlated with contents of intramuscular fat and abdominal fat. Eviscerated yield is a measure of processing efficiency and while it is an important factor in marketing cost, it is rarely studied. In this work, EWP in Line C was found to be significantly higher than that in Line B; EWP and IMF were highly correlated (r = 0.55); and the genetic correlation between EWP and AFP was moderately negative (r = −0.25). Li et al. (2013) reported that EWP was increased by 1.69% after 5 generations of divergent selection for IMF.
Correlations between Comb and IMF or AFP
The comb is an ornamental organ in chickens that can be used as an indicator of health and sexual maturity. The latter can affect the meat flavor and delicacy, hence indicating market desirability, especially in Asia, and color and size of the comb are also indicators of cell-mediated immunity (Mougeot, 2008) . Zhao et al. (2007) described that the d of first lay was earlier than that of controls after 5 generations of selection for IMF contents in the breast muscle of an indigenous Chinese breed. In the present work, the COW and COP in Line C were significantly greater than those in Line B males. The genetic and phenotypic correlations between COW and IMF and between COP and IMF were both negative, while Reddish et al. (2003) stated that the genetic correlation between sexual maturity and abdominal fat was positive (0.52), and a minimal body fat threshold was essential for sexual maturity (Oruwari and Brody, 1988) .
